Although it has been established that sodium reabsorption by the renal tubules occurs by an active transport process and that water follows passively in proportion to sodium (1-3), the factors regulating the rate of reabsorption under various conditions are poorly understood. Micropuncture data in the rat (4, 5) and dog (6) indicate that under normal, nondiuretic conditions, approximately 65% of the glomerular filtrate is reabsorbed in the first two-thirds of the proximal convoluted tubule. When the filtered load of sodium is increased acutely in rats by hypertonic saline infusion, fractional reabsorption of the glomerular filtrate by the proximal tubules is unchanged (7, 8) , indicating that an absolute increase in rate of reabsorption occurs. Direct information is lacking on the effect of acute reductions in filtered sodium on tubular reabsorption. Clearance experiments in the dog suggest, however, that an adaptive reduction in sodium transfer occurs, since urine formation does not cease and significant amounts of sodium continue to be excreted even when the glomerular filtration rate (GFR) has been reduced by 40% (9-11).
Although it has been established that sodium reabsorption by the renal tubules occurs by an active transport process and that water follows passively in proportion to sodium (1) (2) (3) , the factors regulating the rate of reabsorption under various conditions are poorly understood. Micropuncture data in the rat (4, 5) and dog (6) indicate that under normal, nondiuretic conditions, approximately 65% of the glomerular filtrate is reabsorbed in the first two-thirds of the proximal convoluted tubule. When the filtered load of sodium is increased acutely in rats by hypertonic saline infusion, fractional reabsorption of the glomerular filtrate by the proximal tubules is unchanged (7, 8) , indicating that an absolute increase in rate of reabsorption occurs. Direct information is lacking on the effect of acute reductions in filtered sodium on tubular reabsorption. Clearance experiments in the dog suggest, however, that an adaptive reduction in sodium transfer occurs, since urine formation does not cease and significant amounts of sodium continue to be excreted even when the glomerular filtration rate (GFR) has been reduced by 40% (9) (10) (11) .
In the present micropuncture experiments in rats, the effect of acute reductions in GFR on sodium and water reabsorption by the proximal tubules was determined directly. We found that with reductions in GFR ranging from 10 to 66%, the same fraction of filtered sodium and water was reabsorbed by the proximal tubules as under control conditions, indicating that a reduction in the absolute rate of net transfer had occurred. These observations add to the evidence that the filtered load of sodium is an important determinant of the rate of sodium reabsorption by the proximal tubules.
Methods
Micropuncture studies were performed on 20 white male rats maintained on a regular rat-pellet diet and given tap water ad libitum. Food, but not water, was withheld from individual animals for 16 to 18 hours before the day of study. The methods of anesthesia, surgical preparation, isolation and illumination of the left kidney, and general micropuncture techniques have been described previously (12) . In addition to the usual surgical procedures, the abdominal aorta was dissected free of surrounding tissues for about 1 cm of its length just cephalad to the renal arteries. An iv infusion of 150 mEq per L sodium chloride was administered at 0.039 or 0.051 ml per minute in 18 experiments and at 0.097 ml per minute in 2 experiments. GFR was measured with inulin-C' carboxylic acid,' 25 juc as a priming dose and 25 ,uc per hour added to the infusion. It has been found that in the rat, recovery of C`4-inulin in the urine after injection into the proximal tubule is essentially complete (13) . We assume, therefore, that C"-inulin clearance in these experiments accurately measured GFR. A period of at least 40 minutes was allowed after the inulin prime for inulin equilibration. Blood for inulin concentration was obtained from the cut end of the tail in heparinized capillary tubes at approximately 45-minute intervals during the experiment and the value at the mid-point of tubular fluid and urine collections determined from the blood curve. Urine was collected under oil through a polyethylene catheter secured in the left ureter and volume determined by the change in weight of the collection vial. Radioactivity in blood, tubular fluid, and urine was measured in a Tri-Carb liquid scintillation counter by a method described by Windhager and Giebisch (1) . All tubular puncture sites were localized by filling the nephron with a colored latex suspension and at the end of the ex-1 New England Nuclear Corp., Boston, Mass. Two experimental protocols were followed. In 9 experiments a control urine and 1 or 2 tubular fluid samples were collected during a 60-to 120-minute period. A metal constricting clamp was then applied to the abdominal aorta above the origin of the renal arteries, and several additional tubular fluid and urine samples were collected. In four experiments, the aorta was constricted immediately after the inulin equilibration period in order to obviate any possible effect of a prolonged saline infusion on proximal sodium and water reabsorption. At least one urine and several tubular fluid collections were made with the clamp in place, the clamp was then removed, and additional urine and tubular fluid samples were obtained. In the remaining 7 experiments, the aorta was constricted after control collections had been obtained, but the clamp proved to be too tight and anuria resulted, or too loose so that GFR fell less than 10%. Therefore, only the control data from these experiments have been included.
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In 16 of the experiments, tubular fluid flow rates in individual nephrons were determined by carefully timing the collections of fluid and measuring the volume of the sample in a constant-bore capillary tube of known internal diameter. GFR per nephron was calculated from the expression TF/Pi. X TF flow per minute, and the values were corrected to a standard body weight of 1 kg. In the first experiment, the aortic clamp was ap-constriction of the aorta. In the experiment shown plied after control urine and tubular fluid collec-in Table II , GFR per nephron was also measured, tions had been obtained, whereas in the second ex-and it can be seen that the values were lower dur- Figure 3 , the TF/PNa ratios are shown for the control and clamped collections. The mean ratio during control periods was 0.98 ±-0.05 SD and during constriction of the aorta was 0.98 0.03 SD. There was evidently no tendency for a transtubular sodium concentration gradient to develop in the accessible portion of the proximal tubule. Thus, any decrease in the supply of sodium to successive segments of the proximal tubule was due to changes in tubular fluid flow rather than sodium concentration.
In all experiments, sodium excretion was less than 1% of the filtered sodium load during both control and clamped periods. Excretion rate fell in each case with constriction of the aorta. 2 
Discussion
There is abundant evidence that sodium reabsorption by the proximal tubule occurs by active transport, but the nature of its regulation is obscure. It is apparent from several studies that the supply of sodium to the tubules influences the rate of its reabsorption. Thus under conditions of normal GFR and plasma sodium concentration, approximately 65%o of filtered sodium is reabsorbed in the first two-thirds of the proximal tubule (4-6). In the rat, when filtered load is increased almost twofold by hypertonic saline infusion, the fraction of filtered sodium and water reabsorbed in the proximal tubule remains essentially the same (7, 8) . Despite this inherent capacity for enhanced reabsorption, some feature of proximal transport appears to prevent the complete reabsorption of sodium when the filtered load is reduced. This is evident in clearance studies in dogs where filtration rate was reduced by as much as 40% without entirely eliminating sodium from the urine (10) . The present studies provide direct information on proximal sodium reabsorption under conditions of diminished filtered loads. The data demonstrate that fractional sodium and water reabsorption remains at about 65%o of the filtered load in the accessible proximal tubule, even with reductions in GFR up to 66%o. It would seem, therefore, that with both acute increases and decreases in filtered loads of sodium, corresponding increases and decreases in reabsorptive rates for sodium occur in the proximal tubule. These observations provide strong evidence that proximal sodium transport is regulated to an important degree by the rate of delivery of sodium to the sites of active transport.
The consequences of constant fractional reabsorption by the proximal tubules on the load of sodium delivered to more distal sites can be appreciated from a calculation of the absolute amounts of sodium involved. (15), or linear, constant fractional reabsorption would be an important factor in maintaining the supply of sodium to the distal nephron.
The mechanism that accounts for the adjustments in rate of proximal sodium and water transfer in response to changes in filtered load is unknown, but several possibilities may be considered. First, it is evident from the TF/PNa ratios in Figure 3 that a transtubular concentration gradient does not develop and that changes in tubular fluid sodium concentration cannot account for the reduction in rate of sodium reabsorption that occurred in these experiments. Kelman has suggested that proximal sodium and water reabsorption is formally analogous to a catalytic flow reactor system (16) . The underlying principle of this physical model is that cross-sectional mixing of fluid in a tube is incomplete at slow flow rates but more nearly complete at rapid flow rates. As applied to the renal tubule, the concentration of sodium at the luminal membrane would vary directly with tubular fluid flow rate, and this peripheral concentration would regulate the entry of sodium into the lining epithelial cells. However, Robinson has concluded from a mathematical analysis of the relation between tubular dimensions and flow rates that heterogeneity of fluid within the cross-sectional area of the tubule is highly unlikely (17) .
Another possibility is that the surface area of the luminal membrane changes as a function of flow rate. The diameter of the proximal tubule has been observed to increase during hypertonic saline infusion (7) , and in the present study we observed a narrowing of the tubular lumen upon constriction of the aorta. Thus, the number of sites available for entry of sodium into the epithelial cells might vary with changes in tubular flow. Finally, acute constriction of the aorta might stimulate release of renin from the juxtaglomerular cells (18) . This could increase the concentration of angiotensin II within the proximal lumen, leading to a reduction in sodium and water transport by this segment (19, 20) .
Some comment is indicated concerning the applicability of the present findings to other species. In the dog, reductions in GFR of over 50%o induced by clamping one renal artery have been reported to increase TF/P1. ratios in the middle third of the proximal tubule (21) . Presumably, the absolute rate of sodium and water transfer did not decrease in proportion to the fall in GFR. More recently, Dirks, Cirksena, and Berliner (22) have reported that during saline diuresis in the dog, proximal TF/Pin ratios are lower than under nondiuretic conditions, but are not further altered when GFR is then reduced. Apparently, although there are some species differences, the filtered load has some influence on proximal sodium transport in the dog. Some of the observed differences between rats and dogs might be related to the range of filtered sodium over which normal glomerulotubular balance obtains in the two species. In the rat, massive loading with isotonic saline (23) , and in some instances with hypertonic saline (7), leads to a decrease in fractional reabsorption of sodium and water. Conversely, we observed in the present study that fractional reabsorption of sodium and water increases when GFR is reduced by as much as 90%o. Thus in the rat, there seem to be limits beyond which the proportionality between filtered load and proximal reabsorption no longer is present. It may be that in the dog and perhaps in certain other species, the range over which normal glomerulotubular balance exists is narrower than in the rat.
Summary
The effect of acute reductions in glomerular filtration rate (GFR) on sodium and water transfer by the proximal tubule was studied in rats by micropuncture methods. GFR was reduced by con-striction of the abdominal aorta above the origin of the renal arteries. It was found that with reductions ranging between 10 and 66%o, the fraction of filtered sodium and water reabsorbed by the proximal tubules remained essentially the same as under control conditions. This indicates that the absolute rate of net sodium and water transfer decreased in direct proportion to the fall in GFR. Since proximal sodium concentration did not change with constriction of the aorta, the decreased rate of transport was apparently the result of diminished delivery of sodium to the sites of active transport. These observations support the view that proximal sodium reabsorption is regulated to a large degree by flow-dependent kinetics.
